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An Era of Discovery in Neutrino Physics
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Outline

+ Atmospheric neutrinos, Super-K experiment and events
. Standard vV, oscillation analysis

+ Sterile neutrino as a alternative to tau neutrino

>V =V mixing vs 'V =V, mixing
uw w

> An admixture analysis

+ Neutrino oscillations induced by the violations of Lorentz (LIV)
and CPT (CPTV) invariance

> Plausibility and allowed limits

+ Vanishing neutrinos caused by neutrino decoherence and
neutrino decay

> Plausibility and allowed limits

« Summary and conclusions
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Atmospheric Neutrinos

* A large uncertainty on the absolute flux

* Good knowledge on flavor ratio @
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Super-Kamiokande Experiment

50 kiloton Water Cherenkov Detector
11,146 ID PMTs + 1,885 OD PMTs

e A 50 kt water Cherenkov detector

> Inner detector and outer detector optically
separated

> ID: 25in PMTs; gaps filled by black sheet
> OD: 8 inch PMTs with wavelength shifters,
wall covered by reflective Tyvek
* Operating periods PMT suppor:
> SK-I: 1996 - 2001
v 1489 days livetime
v ~40% ID coverage concrete
> SK-II: 2003 - 2005
v 804 days livetime

v Half ID tubes (acrylic cover & FRP),
~20% coverage

> SK-lll: since Summer 2006

v |ID tubes (acrylic cover & FRP) fully
recovered

electronics hut

& 20" 1D PMT

# _ 8" OD PMTs

rock
access tunnel
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Neutrino Events

* Neutrino interaction
— charged particles T
— Cherenkov radiation
- recorded by PMTS e e o 500, wevse
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Event Reconstruction

* Vertex finding
* Ring recognition
PID (e-/u-like)
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Five Decades of Energy
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Four Decades of Pathlengths

9

- 1 -
Z)
< "

|

[ 2

e
5
p— ~=
E 2
R 2
= 107 'Z 6
= - S
e a
‘::’” 4
v
= |
s, 2
i 2 | =
= 107 ¢ 00 1000 2000 3000 4000 5000 6000

Radius(km)

>Large ranges of L and E

PP PRI BN U BT PP PR I PR B >\/arious matter densities
-1 O.8-0.6-04-0.2 0 0.2 04 0.6 0.8 1

: = great advantages for
Zenith angle (cos®)

studying exotic phenomena

Feb 8, 2007 Alternatives to Neutrino Oscillation 10



Number of Events

Atmospheric Neutrino Observations
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Data Analysis: Binning

P
logP,, $ CCve e
or FC FC : FC FC PC PC
logE .. ring  m-ring : 1ring mring stop thru
e-like e-like Ewlike u-like

>

)

Q

E

>

)

Q

o)

-}

7))

u-like events for
oscillation signal

e-like events for
flux normalization

Feb 8, 2007

H H

zAm L

=1-sin“26
—sin Sin AF

- Showering n
- Non-Showering u

. Up stopping u

Alternatives to Neutrino Oscillation

12



Data Analysis: Pull Method

obs
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Combining SK-l and SK-II

*Data bins are considered as independent observations

*Systematic uncertainties

Atm neutrino flux (14)
>|dentical for SK-I and SK-I| <

Neutrino interaction (12)

Solar activity (1)

event reconstruction (21)

Feb 8, 2007 Alternatives to Neutrino Oscillation 14



Zenith Distribution Explained by_vu-vt Oscillation
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Standard Mixing Parameters

10 T ]

—— 68%C.L. A
90% C.L. A
— 99% C.L. -

~~~

=S 0 \/

° V

(\T/ YT T T T T AN

&

< sin°20 Am2(eV?)
R%)

= >

o
©
N
e
=)
Z

10 10 31 | I R A N R AT N A T NN AN T A A M N A SO BN A B M |
0.7 0.75 0.8 0.85 09 09 1
sin®20

Feb 8, 2007 Alternatives to Neutrino Oscillation

—_ a4 a4 a a N
S N A OO 0 O
T

[0
T

o N A O
TT T 1T TT T[T

vV, 2V,

sin“20=1
Am’=2.5x10"eV"
X*/dof =839.7/755
p—value=18 %

E | Normalized Pulls] _E

3 -2 -1 0 1 2 3
Normalized Pulls

16



Must It Be Tau Neutrino?

* |f three flavors of neutrinos, there is no choice

> A V Ve oscillation does not explain the Super-K observation

> Chooz and Palo Verde: no oscillation at the scale Am?~10-3eV?

* LEP experiments: Z decay width consistent with 3 neutrino
flavors, N,=2.992+0.020

» But sterile neutrinos (v,: no electric, strong or weak charge)
can still fit in the picture

- Some theoretical models do predict the existence of sterile neutrinos
- Some data are in favor of the existence of sterile neutrinos
v Sterile neutrino may solve the LSND anomaly

v Sterile neutrino can help solve the nuclear synthesis problem during the
supernova R-process

Feb 8, 2007 Alternatives to Neutrino Oscillation
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Signatures of the Sterile Neutrinos

Based on the definition of sterile neutrino, \/M-vT oscillation

can be distinguished from Vv Vs oscillation in two ways

1. A trivial difference: neutral current events

- =
------
-, ---
- s =

2. A more subtle effect: Matter Effect

Feb 8, 2007 Alternatives to Neutrino Oscillation
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1. NC Events at Super-K

* Multi-ring events: neutral pions are the NC signature at SK

* Brightest ring e-like
e E,>400MeV: Low energy events do not point well
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2. Matter Effect

* [f two neutrino flavors interact differently in matter

.2
: sin“26
2 ZS’”QAIJL SlIf2229A4==

P,.=sin’20,,sin w5 (2EAVIAm*—cos26)*+sin’26

Am?,=Am*N(2EAVIAm*—cos? 6)2+sin22 0

« v -v;:v and v, interact with matter differently A V=72 G, 22 ,
= matter effect = oscillation is suppressed

coso
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Tau Neutrino vs Sterile Neutrino
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e Exclusion Level: 7.20
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Comparison of Zenith Distributions
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Ay’ Contribution Breakdown

Single Ring SubGeV e-like 0.8
Single Ring MultiGeV e-like | -2.1
Multi-Ring MultiGeV CC e-like, 0.8
Single Ring SubGeV p-like -1.3
Single Ring MultiGeV p-like -2
Multi-Ring p-like 3.8
NC-Enhanced SubGeV 5
NC-Enhanced MultiGeV 1.2

PC Stopping u

Upward Showering
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* The right energies and
baselines of those events give
the strongest matter effects
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An Admixture Case

* Admixtures are model dependent
* This analysis is base on Fogli et al PRD 63(053008), 2001

- A 2+2 mass hierarchy model

- Constructing two superposition states of v_and v_— two flavor mixing

ATM
[ s w7
LSND
Solgr w1 /71
S
e /114 e V)
cos’e sim Vil _| COSE sSIn&||v,
v, |=sIn& cosg||v,

T ] e\,
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Admixture Allowance
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Violations of Lorentz and CPT Invariance

—Neutrino oscillations without masses
* Oscillation is caused by modified dispersion relation

—|mportant fundamental symmetries
* Broken at some high energy level? (e.g. Quantum Gravity)
 SK neutrino energies and pathlengths provide advantages checking them

* Minimal Standard Model Extension constructed by
Kostelecky et al, hep-ph/0403088
_ 1 _ —
— L=ayapLlay"Lp + §iCWABLA’Y” DY Lp
— The first term violates both CPT (CPTV) and Lorentz invariance (LIV); the
second term only violates Lorentz invariance
— Two rotationally invariant cases (only time components non-zero)

* Coleman and Glashow, PRD 59(116008), 1999
* Barger et al, PRL 85(5055), 2000
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Lorentz Invariance Violation

e —ci(L,y’8°L+8"L,y L,) = sin’(AcLE) oscillation
- Mixing between different “maximum attainable velocity” eigenstates
A more general form: P, | =1-sin’26sin’«x L/E"

1050

1000¢

* [xE oscillation is
strongly disfavored

- Excluded at ~140

al : . . . st
2 950/ * L/Eis within the 1°o
- —— 68%C.L. - 1.16+0.14/-0.21
- 90% C.L. .
900; 99% C.L * A natural question:
i B what is the scale
850 LIV might appear?
-1 -05 O
T o
LxXE
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LIV as a Sub-Dominant Effect

* Considering LIV as a sub-dominant effect

* Assuming best-fit parameter values for the standard oscillation

P, =1-sin’20sin’Q

tan20@=

1+(E/E,)’sin20,

(E/E,)’cos20,

Am?
k.= \2c""

Feb 8, 2007

Q=127(Am* LIEY+4c¢"sin20, LE+4(c"" LE)?

Alternatives to Neutrino Oscillation

c’’: the difference of
maximum attainable
velocities

6. mixing angle
between two different

maximal attainable
velocity eigenstates

“+/-”: the O/ phase
difference between the
mass mixing matrix
and the maximum
attainable velocity
mixing matrix
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Limits on LIV Scale

14_— L L L UL L 1!_— T T T T T T T T b
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i —— 90% C.L.: - 90%C.L :

I — 99% C.L. - —— 99% C.L. ]
a'c>10'15— \ E a'c>1o-15— E
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10%E E 107 E
N A5 0 05 1

sin26, sin26,

* Limits from other experiments

— Cosmic ray spectrum:
~107™(y), ~10(p)

- Nuclear magnetic resonance
frequencies:
~10%'(e), ~10°(n)
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An ad hoc CPT Violation Test

* Simple assumption: neutrinos
and antineutrinos could have
different mass squared
splittings

- Mainly triggered by the LSND
* Question: Is this allowed by SK?

- Assuming maximal mixing -
- Allowing neutrinos and

antineutrinos mass squared
splittings change independently

e Best-fit: |sin20=1
Am*=3.7x10"eV*
Am*=15x10"°eV?

Feb 8, 2007 Alternatives to Neutrino Oscillation

C\/I\
=
L

(QV]

S
<

103 ¥

——.99% C.L. |

2 — 2

P, ., ., =1-sin’20sin” (A iém )L
2 T T T A
—— 68%CL. |
—— 90% CL. ]

10°°

30



Limit on CPT Violation Scale

e —a,,L,y’L, > AaL oscillation 2

* As a sub-dominant effect = Pvﬁvu=1—sin22931n2(ﬁ—n;iA a)L

* Assuming maximal mixing for the mass eigenstates

02— T T T T
: 90% C.L.
— 99%C.L. | < Limits from other experiments
3 Barger et al, PRL 85(5055), 2000
E
< - g-2: ~10* GeV
- K'-K":~044x10""GeV
LTI e

A a(10%GeV)
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How Can Neutrinos Simply Vanish?

e Neutrino decoherence

- Quantum systems can go out of coherence by interacting with the
environment — “disappearance” of coherent quantum states
(e.g. quantum gravity effect)

2

2
- P, =1 —%sin22 0|1—e”"cos A;nEL
« Y may have energy dependence: y=y (E/GeV)’

1

2
* Pure decoherence (n=-1): = P, _, =1 —5(1 —e M|
* Neutrino decay

- “There is no reason to assume mass eigenstates are stable”

. Y Am’L
cos*0+2sin‘0cos’0 e **Ecos > F

e Pure decay case: Anm’—0 = P _=(sin’0+e *"**

P =sin*0+eYF

—_— v“

cos’0)?

Feb 8, 2007 Alternatives to Neutrino Oscillation

32



Model Comparison: Decoherence

P, ., =1 _Lsin?2 0[1—g -5

” 2 e Best fit
e L - v=1.3x10?'GeV?
" — 68% C.L. A
i 90% C.L. | — sin®206=1
10001 —— 99%C.L. ,
i : — x*/dof=987/853
L 995 1 e Ay’=16
i . = 40 exclusion level
290" \ A Neutrino decoherence
: N P does not explain SK
9B ————5 LS atmospheric neutrino
v (1021GeV?) observation as well as

the VeV oscillation
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Limits on Decoherence Parameter ()

. l . 9 ~yoL AmzL 2
P, =1 5 Sin 260(1—e""cos 5 E )
102 F — _ e« y=y,s mosttrivial case
i ool 1 * Bestfit
] 1 _ y0=0.
- - sin%20=1

y,(10%Gev)

- AM*=2.4x10%eV?
— ~*/dof=971/853

—— 68% C.L.
—— 90% C.L.
—— 99% C.L.
10—3 = o oo o e ey H
0 0.5 1 1.5 2

v, (1 0%GeV)
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Limits on Decoherence Parameter (ll)

1 . —yoLI(E/GeV) Am’L
P =1-=sin“20(1—-¢™ " “’cos
w2 ( 2F
—2 | T
102 PO B
B 988 4
986 E
— 9841 =
B o 982 1
=2 980F
978
976
. 974?
C\I> - er2l -~ —
3 0 o.syo(1 0_211Gev)1 5 2
N i |
E D
<]
—— 68% C.L.
SN——
— 90% C.L.
— 99% C.L.
10_34— | | | | | | | | | | | | | | | —I—
0 0.5 1 1.5 2
-21
v,(10%'GeV)
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° 'Y=YO/( E/GEV)

e Best fit
- y0=0.08x10'21GeV

—- sin“20=1
- Am?*=2.4x103eV?
- »*/dof=971/853
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Limits on Decoherence Parameter (lil)

Pvﬂu=1—lsm229

_ 2 Am°L *
(1_6 yoLI(EIGeV) )

COS

2 2FE
102 OV R A
C\T>\ I 972M IIIIIIIIIIIIIIII —
E_)/ 0 0.5 70(10'217GeV) 1.5 2
Al P _
= [ >
<
— 68% C.L.
— 90% C.L.
— 99% C.L.
10'34— | 1 1 1 | | 1 | 1 | | 1 I 1 | | 1 l L —H
0] 0.5 1 1.5 2
v, (1 02’GeV)

e« y=y (E/GeV)*

e Best fit
- y0=0.04x10'27GeV

—- sin“26=1
- AM*=2.4x10"eV?
— ~*/dof=971/853
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Model Comparison: Neutrino Decay

P,  =1-(sin0+e*""**cos’0)”

V“—>V“

 Best fit
- sin’0=0.68
- 0=2.2x10%2GeV?
— */dof=983/853

o Ay’=12
= 3.50 exclusion level

ot
w0

sin%0
o |
o) o
N b |
n—l'|||||||||||||||||||||||||||||||||||||||'|_
_L—I-|||||||||||||||||||||||||||||||||||||||-I—

— 68% C.L.
90% C.L.
— 99% C.L.

0.85

-t
(2]

o
~
N

* Neutrino decay does not
explain SK atmospheric
neutrino observation as
well as the V -V 0SC.

ot
(=]

0.55

ot
o

0.2 04 0.6 0.8
o(102'GeV?)
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Limits on Neutrino Decay Parameter

«L/E

0 g LI2E Am’L

P  =sin*0+e*“"Fcos*0+2sin’0cos?

V7V, COS o F
10°F R - E

| —— 68%CLL. x * Best fit

B — 90% C.L. 5 _ 0=0

— 99% C.L.

g 07 05 1 15 2 25 ; - S|n26=0.45
c\I> - a(10%GeV)
= ] — AM?=2.4x103e\?
g >\ - °/dof=971/853
10'3J~||||I...|||...||...|....|..,,4

0] 0.5 1 1.5 2 2.5 3

a(10%°GeV)
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Summary and Conclusions

« V-V oscillation analysis is carried out using SK-I+Il atm v data
~ sin®20>0.95, 2.2x107eV?<Am?<2.7x10°eV?

¢ V-V oscillation is compared with 3 kinds of alternatives:
- V.V, oscillation: excluded at 7.2c

- Oscillation induced by LIV and CPTV are excluded
— Neutrino decoherence and decay: excluded at 40 and 3.50

* Atmospheric neutrino data can provide valuable constraints on
scales of new physics beyond the Standard Model

- An admixture 23% of v_is allowed at 90% C.L. (2+2 mass hierarchy)

— LIV and CPTV limits are set: ~10?* and ~10%* GeV at 90% C.L.

- Neutrino decoherence limits: ~10%GeV, ~10%GeV, and ~10%°GeV
respectively for different energy dependence at 90% C.L.

- Neutrino decay limit: ~10*° GeV* at 90% C.L.
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Tau Event Searching

100- Super-K Preliminary — Tau+BG
| ---—-- BG

* Data

lgv

+

—

8

Number of events
o)
o

disfavor no tau content by ~ 2.4

i 075 05 025 0 025 05 075 1
cos®

Statistically separate (NN & likelihood)
tau-like events in high energy sample;

look for up-down asymmetry
(after accounting for oscillation)

e Expected: 79+28(sys)

e Found:

- Likelihood:
145+48(stat)+15/-38(sys)

- Neural Network:
152+47(stat)+17/-29(sys)
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Testing MaVaN

*Neutrinos gain mass only in high 10
density matter (not in air or vacuun

*‘Best Fit: —
ey = 194.4/178 d.0.f g
(sin220, Am?) = (1.00, 2.19x103 eV?) %

“Nsiangarg = 174.97/178 d.o.f 10
(sin220, Am?) = (1.00, 2.11x103 eV?)

*Excluded at 4.40 level 10

— 99% C.L.
— 90% C.L.
68% C.L.

1 1 ] |
0.75 08 0.85

5in22(—}

0.9

0.95

1

n

P

Po

ERESERN 2

Standard 2-flavor oscillations

MaVaN oscillations
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